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Abstract
Voluntary control and conscious perception seem to be related: when we are confronted with ambiguous images we are in some
cases and to some extent able to voluntarily select a percept. However, to date voluntary control has not been used in neurophys-
iological studies on the correlates of conscious perception, presumably because the dynamic of perceptual reversals was not suitable.
We exposed the visual system to four ambiguous stimuli that instigate bi-stable perception: slant rivalry, orthogonal grating rivalry,
house-face rivalry, and Necker cube rivalry. In the preceding companion paper [van Ee, R. (2005). Dynamics of perceptual bi-sta-
bility for stereoscopic slant rivalry and a comparison with grating, house-face, and Necker cube rivalry. Vision Research] we
focussed on the temporal dynamics of the perceptual reversals. Here we examined the role of voluntary control in the dynamics
of perceptual reversals. We asked subjects to attempt to hold percepts and to speed-up the perceptual reversals. The investigations
across the four stimuli revealed qualitative similarities concerning the inﬂuence of voluntary control on the temporal dynamics of
perceptual reversals. We also found diﬀerences. In comparison to the other rivalry stimuli, slant rivalry exhibits: (1) relatively long
percept durations; (2) a relatively clear role of voluntary control in modifying the percept durations. We advocate that these aspects,
alongside with its metrical (quantitative) aspects, potentially make slant rivalry an interesting tool in studying the neural underpin-
nings of visual awareness.
 2004 Elsevier Ltd. All rights reserved.
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reversals1 This control concerns one out of two competing percepts (either
of them depending on constituting signals) and does not concern the
penetration of a percept to alter how signals are being integrated (for1. Introduction
In some cases, we are able to inﬂuence our visual per-
ception when confronted with ambiguous images.
Although it takes eﬀort, and although our control is lim-
ited, we are able to inﬂuence the perceptual reversals
when we are confronted with certain ambiguous images
that generate bi-stable perception. The extent to which
voluntary control inﬂuences the frequency of perceptual
reversals seems to be a useful quantiﬁable feature. How-
ever, to date none of the existing neurophysiological0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.07.030
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the phenomenon of voluntary control. 1
Although explicit subjective accounts of voluntary
control occurred over hundred years ago (Breese,
1899; Helmholtz von, 1866; McDougall, 1903; Wheat-
stone, 1838) 2 the literature on systematic voluntarydiscussion see Pylyshyn, 1999).
2 Wundt presented seminal work on the role of eye movements and
rejected voluntary control as the cause for perceptual reversals in
ambiguous stimuli (Wundt, 1898). We now know that, although eye
movements may help, the preponderance of evidence indicates that
(micro)saccades, blinks and vergence are not essential for a perceptual
reversal. We come back to this issue in the discussion section.
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extant voluntary control studies made use of a metrical
(quantitative) paradigm in which the parameters that
govern the perceptual reversal changed in a parametric
way (pixel-by-pixel, say). In an attempt to study how a
voluntarily selected percept––in our case a perceived
slant––is related to the metrical aspects of the constitut-
ing signals we have recently developed a slant rivalry
paradigm. The slant rivalry paradigm capitalizes on
depth cue integration of disparity and perspective in
stereoscopic vision (van Ee, Adams, & Mamassian,
2003; van Ee, van Dam, & Erkelens, 2002). 3 In the pre-
ceding companion paper (van Ee, 2005) we have com-
pared the dynamics of slant-rivalry with a number of
classical rivalry paradigms. Here we will use the same
paradigms for a comparison of the role of voluntary
control. The paradigms that we studied for compari-
son with our slant rivalry paradigm include binocular
rivalry, namely orthogonal grating rivalry (Breese,
1899) and house-face rivalry (Tong, Nakayama, Vau-
ghan, & Kanwisher, 1998), as well as Necker cube
rivalry (Necker, 1832).
There are numerous indications in the literature sug-
gesting that the perceptual reversal frequency is under
some kind of inﬂuence that may be cognitive. For exam-
ple, for stimuli that contain reversible perspective it has
been reported that the perceptual reversal rate depends
on the familiarity of the stimulus (Donahue & Griﬃtts,
1931; Washburn, Reagan, & Thurston, 1934), the inﬂu-
ence of drugs (Phillipson & Harris, 1984), adaptation
(Harris, 1980; Long & Toppino, 1994; Virsu, 1975), spa-
tial attention (Flu¨gel, 1913), instruction (Liebert &
Burk, 1985), and concentration (Reisberg & OShaugh-
nessy, 1984). Similarly, for binocular rivalry the reversal
rate depends on the eﬀect of instructions (Lack, 1978;
Meredith & Meredith, 1962), familiarity of the object
(Yu & Blake, 1992), the use of drugs (Barany & Hallden,
1947), learning (Lack, 1969) and attention (Helmholtz
von, 1866; Ooi & He, 1999). For the Necker cube it
has been reported that the reversal rate depends on
attention (Kawabata, 1986), the conﬁguration of multi-
ple cubes (Adams & Haire, 1958), psychiatric abnormal-3 By adding disparity to the Necker cube (Cormack & Arger, 1968)
and rotating cylinders or globes (Nawrot & Blake, 1991; Parker, Krug,
& Cumming, 2003) one can selectively alter the appearance: In those
stimuli disparity can in principle be brought in conﬂict with monocular
depth cues in a metrical fashion. In fact, the Necker cube (but in some
sense also the rotating object) is a special case of our slant rivalry
stimulus, having additional constraints through which disparity and
perspective are related by Gestalt or ﬁgural cues. Note that the Necker
cube is not a correct representation of a real 3D cube and yet we
perceive it as a cube. In pilot studies we found that disparity did not
have a parametrically well-predictable eﬀect on bi-stable perception of
the Necker cube, which is supported by ﬁndings from the literature
(e.g. Cormack & Arger, 1968), probably because observers have a
preference to perceive symmetrical ﬁgures like square cubes.ities (Hunt & Guilford, 1933), brain lesions (Bisiach,
Ricci, Lai, De Tanti, & Inzaghi, 1999; Cohen, 1959b)
and eﬀort of will (Taddei-Ferretti, Musio, Santillo, &
Cotugno, 1999). In addition, for other types of ambigu-
ous ﬁgures similar ﬁndings have been reported on atten-
tion (Hol, Koene, & van Ee, 2003; Tsal & Kolbet, 1985),
familiarity of the object (Stru¨ber & Stadler, 1999), cul-
ture (Bagby, 1957), imagining (Horlitz & OLeary,
1993), knowledge (Rock & Mitchener, 1992), and brain
lesions (Ricci & Blundo, 1990). For a number of ambig-
uous stimuli perceptual trapping has been reported (Ooi
& He, 2003; Suzuki & Grabowecky, 2002); perceptual
trapping brings about a recurring pattern of reversals
thereby overriding spontaneous reversals.
Although there is a wealth of data on the role of cog-
nitive inﬂuence on perceptual reversals in bi-stability,
systematic voluntary control studies are sparse. Further,
the published studies have suﬀered from a lack of agree-
ment in methods and data analysis. In the present study
we analyse a wide spectrum of data that have been col-
lected under experimental conditions that are as identi-
cal as reasonably possible.
The results on the voluntary control comparisons
across the used stimuli were ﬁrst presented at confer-
ences of which the abstracts appeared in the Journal
of Vision (van Ee, 2002; van Ee, van Dam, Brouwer,
& Korsten, 2003).2. Methods
A considerable part of the methods is identical to
those described in the preceding accompanying paper.
The identical part will be described brieﬂy.
2.1. Experiment 1
2.1.1. Stimuli and apparatus
Experiment 1 concerns the dynamics of voluntary
control for slant rivalry. The icons in the ﬁgures of this
paper illustrate the stimulus (Fig. 1a of the preceding
accompanying paper illustrates the stimuli in greater de-
tail, and at www.phys.uu.nl/~vanee/ several anaglyphic
versions of the slant rivalry stimulus can be viewed).
The stimulus was presented dichoptically using red-
green glasses enabling us to produce disparity-speciﬁed
slant independently of the perspective-speciﬁed slant.
The width of the trapezoid was 1.2. The correct per-
spective and disparity distortions of the stimuli were
generated using OpenGl libraries. The combinations of
perspective- and disparity-speciﬁed slants were (70,
56 and 70, 56). Subjects were seated at a viewing
distance of 114cm. The aperture in which the trapezoid
was presented measured 1.8 · 1.8. Subjects were re-
quested to keep their ﬁxation within a central rectangle
(0.6 · 0.4) of a sunburst-like ﬁxation symbol.
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Fig. 1. Voluntary control and the time series of perceptual reversals.
Examples of raw data. Subject LW viewed the slant rivalry stimulus
while he exerted diﬀerent control tasks. For the data in (a) LW viewed
the stimulus for 3min in a natural way without attempting to control
the reversal rate. For the data in (b) LW viewed the same stimulus for
6min while he attempted to ﬁrst hold the left side in front for 3min and
then to hold the right side in front for another 3min. The onset of the
second 3-min period was indicated by beeps. The data demonstrate
that LW is clearly able to exert control over the stimuli, but
spontaneous reversals could not be prevented. The data in (c) were
collected while LW attempted to speed-up the perceptual reversal rate,
leading to an increased frequency of perceptual reversals.
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The stimulus onset was initiated by a mouse click.
While keeping their gaze within the sunburst symbol
the subjects reported their perceptual reversals using
two keyboard keys. One key signalled that the left side
was perceived in front, the other key that the right side
was perceived in front. To investigate systematically
whether subjects are able to voluntarily control the rate
of the alternative percepts, we asked the subjects to en-
gage in diﬀerent control-exertion tasks:
(1) Natural: In one presentation block subjects were
asked to view the stimulus for 3min in a natural
(or sometimes called ‘‘habitual’’) way, without
attempting to control the reversal rate.
(2) Hold: In another presentation block subjects were
asked to view the same stimulus for 6min and, ﬁrst,
to attempt to hold the left side in front for 3min,
and then, second to attempt to hold the right side
in front for another 3min. The transition from the
ﬁrst to the second 3min was clearly signalled by
three beeps.
(3) Speed-up: In a third presentation block subjects
were asked to view the stimulus for 3min and to
attempt to maximize the perceptual reversal rate.The hold exertion task has been explored previously
(Breese, 1899; Go´mez, Argan˜dona, Solier, Angulo, &
Va´zquez, 1995; Hochberg & Peterson, 1987; Lack,
1969, 1978; McDougall, 1903; Meredith & Meredith,
1962; Pelton & Solley, 1968; Peterson & Hochberg,
1983; Peterson, 1986; Stru¨ber & Stadler, 1999; Suzuki
& Peterson, 2000; Toppino, 2003; Washburn et al.,
1934). It should be noted though that quite some studies
failed to do the appropriate controls for a complete
interpretation in terms of both the number of reversals
and the period that one of the percepts dominated (see
also Lack, 1978): Subjects could follow the hold instruc-
tions either by increasing the dominance durations for
one pattern (decreased number of ﬂuctuations) or
decreasing the durations for the other pattern (increased
number of ﬂuctuations).
Few studies have experimentally compared, but only
for one stimulus, the natural, hold, and speed-up control
exertions tasks (Bruner, Postman, & Mosteller, 1950;
Glen, 1940; Phillipson & Harris, 1984). More relevant
is that some studies have explicitly compared the role
of voluntary control of the reversal rate for the Necker
cube and for binocular rivalry (George, 1936; Meredith,
1967; Vernon, 1937; Washburn & Gillette, 1933; see also
for discussion McDougall, 1906; Meredith & Meredith,
1962).
2.1.3. Procedure
We randomised for the sign of the surface slant as
well as for both anaglyph colour, and for left and right
eye presentation. For each of the three control-exertion
tasks there were four presentation blocks (permutations
of positive and negative surface slant sign as well as per-
mutations of red and green ﬁlters in front of the left eye).
The randomisation gave, thus, rise to 12 diﬀerent pres-
entation blocks. Using a visual slant estimation method
(van Ee & Erkelens, 1996) we asked subjects to estimate
the slant that was perceived during the stimulus presen-
tation so that we knew that the subject was able to expe-
rience bi-stability in the appearance of the grid. We did
so after each presentation block.
The rivalrous stimuli were intermixed with periods of
non-rivalrous stimuli (see Fig. 2a of accompanying pa-
per). In a catch period the disparity speciﬁed slant was
identical to the perspective-speciﬁed slant and no per-
ceptual reversals were expected to occur during that
period of non-rivalrous stimulation. The data collected
during the catch period were used to check whether the
subjects were reporting their perceptual states reliably,
rather than pressing keys at random. In practice, we
found that on average only 1 out of 83 data blocks
had to be discarded because the performance in the
non-rivalrous period was below 90%. This emphasizes
that subjects were reliably consistent in their pattern
of responses. To ensure that the subject was unable to
anticipate the onset of the catch period we applied three
Fig. 2. Flip rate drift across diﬀerent control exertion tasks for the
four rivalry stimuli. The top panels show the mean reversal (called ﬂip)
rate drift across successive experimental repetitions for the six subjects
for (a) the slant rivalry stimulus, (b) the orthogonal grating, (c) the
house-face, and (d) the Necker cube stimulus. The icons specify the
stimuli for which the data is being presented. For the speed-up control
exertion task there is a consistent increase in the ﬂip rate. The bottom
panels illustrate that there is a decrease in the number of ﬂips per
second across 35-s portions: the ﬂip rate is larger after the start of a
trial than during the course of the series. For the four rivalry stimuli
the data patterns seem to be quite similar. Error bars represent
standard errors across the six subjects. In this ﬁgure, and in the next
ﬁgures in which we compare the diﬀerent stimuli, we use dark grey to
indicate one hold control exertion task and light grey to indicate the
alternative hold task. Black and white bars indicate the natural and the
speed-up control exertion task, respectively.
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exertion task. This, in turn, means that for each con-
trol-exertion task the subject ran three presentation
blocks.
This catch procedure (producing 3 diﬀerent blocks) in
combination with the above-described randomisation
procedure (producing 12 diﬀerent blocks) gave rise to
36 diﬀerent presentation blocks. These 36 blocks were
subdivided into six experimental sessions. In three of
the sessions the subjects wore the red ﬁlter over the left
eye and the green ﬁlter over the right eye. In the other
three sessions the ﬁlters were reversed. Each of the six
experimental sessions ran for 24min––subtended by, in
order, 2 times 3min for the Natural control-exertion
blocks, 2 times 6min for the Hold control-exertion task
blocks, and 2 times 3min for the Speed-up control-exer-
tion task blocks. For the ﬁrst of each pair of blocks that
were devoted to a particular control-exertion task theperspective-speciﬁed slant was always positive, and in
the second block it was always negative.
Two complete repetitions of the experiment (12 ses-
sions of 24min) were performed by each subject. Two
subjects (LW and NK) did twice as many sessions to
get a better indication of the variability in performance.
2.1.4. Subjects and data analysis
The same subjects from the accompanying paper par-
ticipated. The collected raw data indicated whether
either the left side or the right side of the wire frame grid
was perceived in front. We further analysed the data in
terms of disparity-slant-dominated and perspective-
slant-dominated perceptual durations by using a record
that related the side that was perceived in front to the
disparity-speciﬁed or the perspective-speciﬁed slant.
For each control-exertion task we examined the drift
of the reversal process across successive experimental
repetitions and across successive 35-s portions of data.
For completeness, an analysis of drift should be part
of the analysis of time series of variable processes. After
we established that the drift was not unreasonably large
we determined the percentage of time that one of the
two alternative percepts was present.
We also determined the relative number of reversals.
To interpret the data on percept dominance it is essen-
tial to also study the number of reversals. It may be pos-
sible for subjects to follow the hold instructions either by
increasing the separate durations of the held pattern
(resulting in a decreased number of ﬂuctuations) or
decreasing the durations for which the other pattern is
seen (resulting in an increased number of ﬂuctuations).
For discussions on this issue see Lack (1978).
Finally we determined the percept duration for each
subject across the diﬀerent control-exertion tasks.
2.2. Experiment 2
To compare the role of voluntary control for the trap-
ezoid stimulus with classical rivalry stimuli we repeated
Experiment 1 with diﬀerent stimuli. The rivalrous stimuli
of Experiment 2 consisted of orthogonal gratings, house-
face stimuli, and the Necker cube (see the icons in the ﬁg-
ures or for more detail Fig. 1b–d of the accompanying
paper). The stimuli subtended 1.2, which is the same size
as used in Experiment 1. The orthogonal gratings stimuli
consisted of four oblique lines that had perpendicular
orientations (45 with the vertical) in the two eyes. The
spatial frequency of the gratings was 3.3 cycles per de-
gree. The house-face stimuli were identical to those
developed by Tong (Tong et al., 1998). The Necker cube
stimulus was presented anaglyphically (but with zero dis-
parity), so that the stimulus presentation of the other
stimuli was resembled.
The instructions to the subjects were also identical to
those of Experiment 1. For the orthogonal grating stim-
Fig. 3. Voluntary control on percept presence for the four rivalry
stimuli. The top panels show the mean percept dominance across the
six subjects for (a) the slant rivalry stimulus, (b) the orthogonal
grating, (c) the house-face, and (d) the Necker cube stimulus. The
percepts for which we plotted the dominance percentages are speciﬁed
by the icons. Error bars represent standard errors. The bottom panels
portray the relative number of ﬂips for our stimuli. In terms of the
number of ﬂips, subjects seem to have slightly more control over the
slant-rivalry stimulus than over the other stimuli.
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they perceived the left obliques (lines under 45 going
from top left to bottom right) and to press another
key when they perceived the right obliques (going from
top right to bottom left). Subjects were instructed to
concentrate on the central area of the patch. For the
house-face stimulus subjects were instructed to press
one key when the house was perceived in the central re-
gion of the stimulus, and to press another key when the
face was perceived. For the Necker cube subjects pressed
one key when they perceived the cube as if they viewed it
from below and another key when they perceived the
cube as if they viewed it from above.
Subjects ﬁrst participated in a complete experiment
for the trapezoid stimulus (six sessions in Experiment
1) before they started the orthogonal grating experi-
ment. Again they completed six sessions before they
started the house-face experiment and again they com-
pleted six house-face sessions before they started the
Necker cube experiment. Then a repetition of the four
stimuli began. In other words, for each stimulus two
complete experiments (12 sessions of 24min) were con-
ducted (in all 48 sessions). Two subjects did twice as
many sessions to get a better indication of the variability
in performance across experiments. In all, the six sub-
jects ran a total of 384, 24-min sessions.
The six subjects from Experiment 1 participated. To
compare the subjects performance across the four stim-
uli we compared the means of (1) perceptual reversal
rate drift across experimental repetitions, (2) reversal
rate drift within data blocks, (3) the percentages of time
that one of the alternative percepts was present, as well
as (4) the percept durations and the number of reversals.3. Results
We ﬁrst examined the inﬂuence of voluntary control
on the stability of the perceptual reversals over time.
Then we consider its inﬂuence on the percent of time
that a percept is present and ﬁnally we look at the per-
cept durations. Note that the data for the natural con-
trol exertion task (the black bars of Figs. 2–4) have
been presented previously in the accompanying paper.
The presented results are based upon a total of 59.589
perceptual reversals.
3.1. Results and discussion of Experiment 1
Fig. 1 compares examples of raw data of subject LW.
Panel a depicts the data for the natural control exertion
task. In panel b we see that LW was able to follow the
control exertion instruction ‘‘try to hold the left side in
front’’. But spontaneous perceptual reversals could not
be prevented. After 180s into this data collection block,
beeps were produced and the control exertion instruc-tion then became ‘‘try to hold the right side in front’’.
Again we see that LW is clearly able to follow this
instruction. In the speed-up task (panel c) there were rel-
atively many perceptual reversals. During the catch peri-
ods in which the disparity and the perspective speciﬁed
slant were congruent, he did not experience perceptual
reversals. LWs complete data for Experiment 1 con-
sisted of 48 times as much data as depicted in Fig. 1.
From the raw data (such as in Fig. 1) we determined
the perceptual durations for the left front and the
right-front percepts. After taking into account the sign
of the surface slant, the data indicated whether either
the perspective-speciﬁed or the disparity-speciﬁed slant
dominated.
Fig. 2a presents the mean drift in the data, across the
six subjects for Experiment 1. These average data are
based upon a total of 16.522 perceptual reversals. The
top panel portrays the mean reversal rate drift across
successive experimental repetitions. For the Natural
and the hold tasks there is a slight decrease in the num-
ber of reversals per second. For the speed-up task there
is an increase in the reversal rate of about 1 reversal per
minute. The bottom panel illustrates that there is a de-
crease in the number of reversals per second across 35-
s portions. Whenever a data collection series starts, the
reversal rate is larger than during the course of the ser-
ies. Although the drift is on the order of 0.02 reversals
per second across experimental repetitions for the
Fig. 4. Voluntary control on percept duration for the four rivalry
stimuli. The mean percept durations across the six subjects for (a) the
slant rivalry stimulus, (b) the orthogonal grating, (c) the house-face,
and (d) the Necker cube stimulus. The stimuli for which we plotted the
durations are speciﬁed by the icons. The inﬂuence of voluntary control
on the diﬀerent control-exertion tasks for both the grating stimulus
and the house-face stimulus was not signiﬁcant. For the Necker cube
we ﬁnd an inﬂuence of voluntary control that is signiﬁcant, and
speaking in relative terms, comparable to the slant rivalry. However, in
absolute terms the percept durations in the Necker cube stimulus are
about 2.5 times shorter than for the slant stimulus. Error bars
represent standard errors.
4 Elsewhere we (Koene & van Ee, in press) presented a neural
network model that produces the data patterns found. However,
obviously other models are possible and the data of Table 1 (as well as
those in Table 2) can be used for future modeling purposes.
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data are reasonably stable for a process that is variable
in nature.
The top panel of Fig. 3a presents the mean percent-
ages of time that the disparity-dominated percept was
present for the diﬀerent control-exertion tasks. These
data show that subjects were very well able to voluntar-
ily hold both the disparity-dominated percept and the
perspective-dominated percept (72.2% vs. 50.7%,
F(1,10) = 30.6, p = 0.0002 and 31.1% vs. 50.7%,
F(1,10) = 0.001, respectively). We did not ﬁnd a signiﬁ-
cant diﬀerence in perceptual-dominance between the
natural condition and the condition in which subjects at-
tempted to speed-up the perceptual reversals. This im-
plies that attempting to speed-up perceptual reversals
does not inﬂuence the dominance of one percept over
the other.
From the data in the top panel of Fig. 3 it is not clear
whether the subject is voluntarily able to alter the num-
ber of reversals. The lower panel of Fig. 3a presents the
number of perceptual reversals for the control-exertion
tasks. The number of reversals for the natural task is
normalized to 1000. The data show that the subjects
are able to hold the disparity-speciﬁed percept by bring-
ing down the number of reversals to the alternativepercept. Interestingly, to hold the perspective-
dominated percept, the subjects do not bring down the
number of reversals from the perspective to the dispar-
ity-dominated percept (note that the number of reversals
for the hold-perspective slant is about equal to the num-
ber of reversals for the natural control-exertion task.)
Instead, reducing the periods that the disparity-domi-
nated percept was present has produced the increase in
the percentage of the perspective-dominated percept.
The subjects are clearly able to increase the number of
reversals in the speed-up task. Note that, even though
there are about twice as many perceptual reversals, the
average percentage of time that the disparity-dominated
percept is present for the speed-up task is only slightly
larger than for the natural task. In Table 1 the disparity
percept dominances are presented for the individual
subjects. 4
Fig. 4a presents the average means for the diﬀerent
control-exertion tasks for both the disparity-dominated
(top panel) and the perspective-dominated (bottom pa-
nel) percept durations. For the natural control-exertion
task the mean of the distribution for the disparity-per-
cept durations is 6.3s. The second bar shows that the
subjects are voluntarily able to increase the mean up
to 12.9s when they attempt to hold the disparity-domi-
nated percept (F(1,10) = 6.4, p = 0.03). The third bar
shows that the subjects are able to decrease the mean
down to 3.6s when they attempt to hold the perspec-
tive-dominated percept (F(1,10) = 6.6, p = 0.03).
Attempting to speed-up the perceptual reversals signiﬁ-
cantly decreases the percept duration relative to the nat-
ural control exertion task. (3.6s vs. 6.3 s, F(1,10) = 7.3,
p = 0.02). The disparity-dominated percept duration
for the hold perspective and the speed-up control exer-
tion tasks are identical, indicating that subjects used a
similar way to abandon the unwanted percept. For the
perspective-dominated percept durations (bottom pan-
els) the mean of the distribution for the natural con-
trol-exertion task is 5.6 s. The second bar shows that
the subjects are able to decrease the mean to 4.1 s when
they attempt to hold the disparity-dominated percept
(F(1,10) = 5.7, p = 0.04). Attempting to hold the per-
spective-dominated percept increases the percept dura-
tion (8.2 s vs. 5.6 s). Finally, attempting to speed-up
the perceptual reversals signiﬁcantly decreases the mean
for the perspective-dominated percept (2.8 s vs. 5.6s,
F(1,10) = 17.1, p = 0.002). In Table 2 the percept dura-
tions are presented for the individual subjects. There is
considerable variation across subjects, just as has been
reported previously for other paradigms (Aafjes, Huet-
ing, & Visser, 1966; Bruner et al., 1950; Frederiksen &
Table 1
Percept dominance: the percept dominances across the individual subjects for the diﬀerent rivalry stimuli
Percept dominance [%]
Rivalry Control exertion LW NK MS LD GB SV Mean Standard error
Slant (disparity-dominance) Natural 51.0 53.4 62.9 46.0 45.4 45.6 50.7 3.0
Hold disparity 79.0 77.7 83.5 63.2 61.7 67.9 72.2 4.1
Hold perspective 24.2 36.6 30.0 38.5 30.3 27.2 31.1 2.4
Speed-up 55.0 51.9 62.0 60.1 46.3 49.8 54.2 2.7
Grating (left obliques dominance) Natural 49.8 48.3 51.6 49.6 50.2 48.2 49.6 0.6
Hold L obliques 64.6 59.5 52.6 53.7 48.6 62.6 56.9 2.8
Hold R obliques 37.9 39.2 39.0 50.3 50.4 35.3 42.0 3.0
Speed-up 48.1 49.3 42.4 50.9 49.9 48.8 48.2 1.3
House-face (house dominance) Natural 54.4 51.1 47.5 54.5 51.4 46.9 51.0 1.5
Hold house 79.7 61.8 56.9 61.4 50.8 68.9 63.3 4.5
Hold face 25.4 35.7 33.2 52.1 50.4 30.4 37.9 4.9
Speed-up 42.1 54.3 46.2 51.1 53.2 48.8 49.3 2.1
Necker cube (bottom dominance) Natural 55.7 50.6 32.4 42.6 45.2 52.1 46.4 3.7
Hold bottom 72.0 63.3 57.4 52.5 64.6 75.0 64.1 3.8
Hold top 27.6 17.5 15.5 35.7 33.0 28.3 26.3 3.6
Speed-up 55.5 47.4 36.3 37.7 48.9 52.3 46.4 3.5
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for SV the percept duration for the hold disparity task
is 17.0 s. For GB and LD this percept duration is only
8.2 s and 4.2s, respectively.
An analysis of the estimated slant for each individual
data block revealed that the subjects were able to per-
ceive bi-stability for all slant stimuli presented. The re-
ported slants resembled those reported previously (van
Ee, 2005).
3.2. Results and discussion of Experiment 2
To compare the dynamics of voluntary control for
the slant rivalry stimulus with a number of conventional
ambiguous stimuli, we performed the above-described
analyses for the orthogonal grating stimulus, the
house-face stimulus, and the Necker-cube. The results
of Experiment 2 are based upon a total of 43.067 percep-
tual reversals (without slant rivalry reversals).
Fig. 2b–d show the mean reversal (called ﬂip) rate
drift during the experiment for the orthogonal grating
rivalry, the house-face rivalry, and the Necker cube riv-
alry, respectively. The top panels of Fig. 2b–d illustrate
the drift in ﬂip rate across successive experimental repe-
titions. The increase in ﬂip rate for both the house-face
stimulus and the Necker cube are not signiﬁcantly diﬀer-
ent from zero. There are only a few accounts in the lit-
erature for comparison: Lack found for the orthogonal
grating an increase of 0.06 ﬂips per second for the speed-
up task (Lack, 1969), which is comparable to what we
found. Ulrich and Ammons examined practice eﬀects
for the ﬂip rate for the Necker cube. It is hard to make
a quantitative comparison with their data. Qualitatively,
they too, reported an increase in the rate over days(Ulrich & Ammons, 1960). The bottom panels of Fig.
2b–d illustrate the increase in ﬂip rate across successive
35-s portions. Whenever a data collection series starts
the ﬂip rate is larger than during the course of the series.
For the speed-up control exertion task for the grating
the decrease is 0.07 ﬂips per second. The only account
in the literature that studied the same stimulus as we
did, reported an identical decrease of 0.07 ﬂips per sec-
ond (Lehky, 1995). For a horizontal-vertical line bin-
ocular rivalry stimulus a negative change in the ﬂip rate
under natural viewing has been reported (Cogan &
Goldstein, 1967; Wade, 1975), just as we found. For
the Necker cube, however, most accounts in the litera-
ture that addressed the ﬂip rates across short periods
of data, report a (relatively small) rate increase (Babich
& Standing, 1981; Cohen, 1959a; Toppino & Long,
1987). These values were supposedly for the natural con-
trol exertion task. Further, it has been reported that for
the hold task the change is not signiﬁcantly diﬀerent
from zero and for the speed-up task the change is posi-
tive (Pelton & Solley, 1968). For the speed-up task a
considerable increase in the ﬂip rate has been reported
(Ammons, Ulrich, & Ammons, 1960). The drift for the
speed-up condition is consistently larger than for the
natural condition, meaning that the drift is not depend-
ent on the observation period but rather on the rate or
the total number of ﬂips. Future models should be con-
sistent with this ﬁnding. In general, the data pattern we
found for the four rivalry stimuli seem to be quite simi-
lar. Note that the drift across sessions is smaller
(p < 0.08) than within a session. During each trial the re-
versal rate starts relatively fast and then slows down. On
another trial, which might be on another day, this slow
down pattern repeats itself.
Table 2
Percept durations: the percept durations across the individual subjects for the diﬀerent rivalry stimuli
Percept durations [s]
Rivalry Control exertion One percept dominance Alternative percept dominance
LW NK MS LD GB SV Mean Standard error LW NK MS LD GB SV Mean Standard error
Disparity Perspective
Slant Natural 6.9 5.6 11.9 2.9 4.5 6.3 6.3 1.4 6.0 4.7 7.1 3.5 4.8 7.5 5.6 0.7
Hold disparity 16.2 15.6 16.2 4.2 8.2 17.0 12.9 2.4 4.0 3.2 4.2 2.4 4.4 6.6 4.1 0.6
Hold perspective 3.8 2.9 4.6 2.4 3.8 4.1 3.6 0.4 9.9 5.6 12.0 3.9 7.4 10.2 8.2 1.4
Speed-up 2.9 2.5 7.1 2.7 3.7 2.9 3.6 0.8 2.4 2.3 3.6 1.8 3.7 2.8 2.8 0.3
Left obliques Right obliques
Grating Natural 1.6 1.8 3.5 1.1 3.3 1.1 2.1 0.5 1.5 1.8 3.4 1.2 3.1 1.2 2.0 0.4
Hold L obliques 2.7 2.0 3.9 1.1 3.3 2.1 2.5 0.4 1.5 1.4 3.3 1.0 3.0 1.2 1.9 0.4
Hold R obliques 1.6 1.3 3.3 1.1 3.4 1.3 2.0 0.5 2.5 2.0 4.1 1.1 3.0 2.3 2.5 0.5
Speed-up 1.2 1.2 1.9 0.9 2.8 0.9 1.5 0.3 1.2 1.2 2.6 0.9 2.7 0.9 1.6 0.4
House Face
House-face Natural 5.2 3.6 3.2 2.9 3.9 1.7 3.4 0.5 4.1 3.4 3.5 2.4 3.6 1.9 3.2 0.4
Hold house 11.2 3.5 5.2 3.0 4.6 3.6 5.2 1.4 2.6 2.2 3.7 1.9 4.4 1.7 2.7 0.5
Hold face 3.0 2.1 3.1 2.5 4.5 1.9 2.8 0.4 8.3 3.8 6.0 2.3 4.4 4.3 4.8 0.9
Speed-up 2.6 2.0 2.4 2.2 4.2 1.4 2.5 0.4 3.6 1.7 2.8 2.1 3.8 1.5 2.6 0.4
Bottom view Top view
Necker cube Natural 4.9 3.4 1.9 1.6 2.2 1.4 2.6 0.6 4.1 3.3 3.5 2.1 2.6 1.3 2.8 0.5
Hold bottom 7.7 5.9 4.7 2.1 4.4 5.2 5.0 0.8 3.0 3.9 3.6 1.9 2.7 1.8 2.8 0.4
Hold top 3.2 2.3 1.8 1.5 2.2 1.6 2.1 0.3 8.1 11.5 7.9 2.7 4.4 3.9 6.4 1.5
Speed-up 2.7 1.6 1.6 1.2 1.9 1.0 1.7 0.3 2.2 1.8 2.7 2.0 2.0 0.9 1.9 0.3
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R. van Ee et al. / Vision Research 45 (2005) 41–55 49Fig. 3b–d compare the average percentages of percept
dominance (top panels) as well as the relative number of
ﬂips (bottom panels) for the orthogonal grating rivalry,
the house-face rivalry, and the Necker cube rivalry,
respectively. Fig. 3b shows that holding the left obliques
signiﬁcantly increases the perceptual dominance for this
percept (56.9% vs. 49.6%, F(1,10) = 7.6, p = 0.02). Hold-
ing the right obliques had the opposite eﬀect (42.0% vs.
49.6%, F(1,10) = 7.9, p = 0.02). Similarly to what we
found for the trapezoid stimulus, we found no signiﬁ-
cant diﬀerence in perceptual dominance between the
natural condition and the condition in which subjects at-
tempted to speed-up the perceptual reversals. The lower
panel of Fig. 3b presents the relative number of percep-
tual reversals across the control-exertion tasks. The sub-
jects seem to hold either of the two percepts by bringing
down the number of ﬂips to the alternative percept. The
number of ﬂips increased for the speed-up task. Fig. 3c
shows that holding the house percept signiﬁcantly in-
creases the perceptual dominance for this percept
(63.3% vs. 51.0%, F(1,10) = 7.9, p = 0.02). Holding the
face percept decreased the perceptual dominance of
the house percept (37.9% vs. 51.0%, F(1,10) = 8.1,
p = 0.02). As for the other stimuli, we found no signiﬁ-
cant diﬀerence in perceptual dominance between the
natural condition and the speed-up condition. The bot-
tom panel of Fig. 3c shows that subjects seem to hold
both the house and the face by bringing down the num-
ber of ﬂips to the alternative percept. The number of
ﬂips increased for the speed-up task. Fig. 3d shows that
holding the bottom view percept of the Necker cube sig-
niﬁcantly increases the perceptual dominance for this
percept (64.1% vs. 46.4%, F(1,10) = 7.9, p = 0.02). Hold-
ing the top view percept decreased the perceptual dom-
inance of the bottom view percept (26.3% vs. 46.4%,
F(1,10) = 8.1, p = 0.02). We found no signiﬁcant diﬀer-
ence in perceptual dominance between the natural task
and the speed-up task. Although for the slant rivalry
stimulus subjects seem to have a larger control over
the number of ﬂips than for the Necker cube, in terms
of percept dominance voluntary control plays a similar
role for both stimuli. Table 1 presents the disparity per-
cept dominances for the individual subjects for the dif-
ferent rivalry stimuli.
Fig. 4b–d compare the mean percept durations for
the orthogonal grating rivalry, the house-face rivalry,
and the Necker cube rivalry, respectively. For the
orthogonal grating percept duration we found 2.1s for
the natural task, which compares well with the values re-
ported in the literature that range from 1.8s to 2.4s
(Alexander, 1951; Cogan & Goldstein, 1967; Lack,
1969; Lehky, 1995; Logothetis, Leopold, & Sheinberg,
1996; Meredith & Meredith, 1962; Ross & Ma-Wyatt,
2003). We found that the inﬂuence of voluntary control
for the diﬀerent control-exertion tasks for both the left
obliques (top panel) and the right obliques (bottom pa-nel) percept durations was not signiﬁcant (Fig. 4b). This
is consonant with earlier work (George, 1936). A signif-
icant eﬀect of voluntary control for the grating stimulus
has, however, been reported with diﬀerent binocular riv-
alry stimuli (Collyer & Bevan, 1970; Meredith & Mere-
dith, 1962) and a signiﬁcant control-exertion can be
learned (Lack, 1978). Fig. 4c presents the means for
the diﬀerent control-exertion tasks for both the house
(top panel) and the face (bottom panel) percept dura-
tions. For the natural task we found a percept duration
of 3.3 s. In support, Tong reported that the durations for
his subjects ranged between 2.5 and 5.5s (Tong et al.,
1998). As for the grating stimulus, we found that the
inﬂuence of voluntary control on the percept duration
was not signiﬁcant. Fig. 4d portrays the average means
for the Necker cubes bottom view (top panel) as well as
its top view (bottom panel) percept durations. For the
natural task we found a percept duration of 2.7 s (aver-
aged across the two percepts). The literature reports
durations in the range between 2.0 and 3.2s (Babich &
Standing, 1981; Peterson & Hochberg, 1983; Ross &
Ma-Wyatt, 2003). We found that holding the bottom
view percept signiﬁcantly increased the perceptual dura-
tion for this percept (5.0 s vs. 2.6 s, F(1,10) = 5.9,
p = 0.04). Holding the top view percept signiﬁcantly in-
creased the perceptual duration for this percept (6.4 vs.
2.8, F(1,10) = 7.0, p = 0.02), while decreasing the per-
ceptual duration of the bottom view percept, although
not signiﬁcantly. Finally, attempting to speed-up the
perceptual reversals decreased the percept durations
for the bottom view (1.7 s vs. 2.6 s) and decreased the
durations for the top view (1.9s vs. 2.8 s). However, this
decrease was not signiﬁcant in both cases. Thus, for the
Necker cube we ﬁnd an inﬂuence of voluntary control
that is signiﬁcant for the hold task, and speaking in rel-
ative terms, comparable to the slant rivalry. However, in
absolute terms the percept durations in the Necker cube
stimulus are about 2.5 times shorter than for the slant
stimulus. In Fig. 4b–d the black bars are always equally
long in the top and the bottom panels. The same is true
for the white bars, reﬂecting a symmetry for the two
rivalling interpretations (i.e. house vs. face, or top vs.
bottom). Table 2 presents the percept durations for the
individual subjects for the diﬀerent rivalry paradigms.4. General discussion
In this paper, and in previous work (van Ee, 2002;
van Ee et al., 2003), we have compared a variety of tem-
poral aspects of voluntary control across diﬀerent stim-
uli for bi-stable perception. It is clear that voluntary
control inﬂuences the dynamics of perceptual reversals
in a quantiﬁable way and the slant rivalry paradigm
seems an especially useful method to study this phenom-
enon. In comparison to other rivalry paradigms slant
Fig. 5. Voluntary control strength comparison for the four rivalry
stimuli. To compare the strength of voluntary control in terms of
(changing) percept durations we plotted the natural and the hold
durations for the examined paradigms. Along the ordinate we plotted
the mean duration (across the six subjects) of one of the two alternative
percepts: namely the percept dominated by (1) disparity for slant
rivalry, (2) left obliques for grating rivalry, (3) house for house-face
rivalry, and (4) bottom view for the Necker cube rivalry. Along the
abscissa we plotted the duration of the other of the two alternative
percepts: i.e. the percept dominated by (1) perspective, (2) right
obliques, (3) face, and (4) top view for the four stimuli, respectively.
The black and grey symbols denote the natural and the hold control
exertion task for the corresponding percept, respectively. The icons
specify the stimuli examined. The slant rivalry stimulus produced the
longest percept duration for the natural control exertion task. The
increase in duration from the natural to the hold task is also relatively
long for the slant rivalry stimulus. For the orthogonal grating stimulus,
both the duration for the natural task and the increase in duration
from the natural to the hold task are relatively small.
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long percept durations; (2) a clear role of voluntary con-
trol in modifying the percept durations. Moreover, slant
rivalry has the ability––without changing monocularly
visible aspects of the stimulus (see below)––to alter the
signals that are responsible for bi-stability in a metrical
fashion (pixel-by-pixel, say). The beneﬁts of the metrical
aspects for slant rivalry are twofold. First, the perceived
surface slant in the voluntarily selected percepts depends
on the magnitude of the perspective and disparity sig-
nals (van Ee et al., 2003; van Ee et al., 2002). Second,
as we have shown elsewhere (Brouwer & van Ee,
2003), the number of perceptual reversals correlates with
the conﬂict between the perspective and disparity sig-
nals. We will ﬁrst discuss each of the mentioned issues.
Why are temporal aspects interesting? Fig. 5 shows
the result of a comparison of the strength of voluntary
control across the examined paradigms: not only is the
percept duration for slant rivalry for the natural control
exertion task relatively long, but the increase in duration
from the natural to the hold task is also relatively long.
For the orthogonal grating stimulus, both the percept
durations for the natural task and the increase in dura-
tion from the natural to the hold task are relatively
short. For studying the role of voluntary control neuro-
physiologically a signiﬁcant control over percept dura-
tions is sometimes critical. For example, for fMRI
studies one needs a suﬃcient temporal resolution to be
able to measure the variations in the blood oxygen
level. 5
Why are metrical (quantitative) aspects interesting? A
key feature of the slant rivalry paradigm is that it utilizes
the distinction between monocularly and binocularly
formed percepts of the 3D layout of a scene. This ena-
bles us to modify the disparity-speciﬁed slant independ-
ently from the perspective-speciﬁed slant. In addition,
because it is possible to modify the disparity-perspective
conﬂict (that is responsible for bi-stability) without
changing monocularly visible aspects of the stimulus
one can change the perceived slant or the reversal fre-
quency (or both) such that the subject is not aware of
the modiﬁcations. Such modiﬁcations could be utilized
across separate trials, or within a trial. As explained in
the methods section, we employed this feature for the
catch period (for checking if subjects were not randomly5 Using the slant rivalry stimulus in an fMRI study, we found
correlation between BOLD activation and perceptual reversals
towards the disparity-dominated percept in extrastriate cortex. Else-
where we will present the full results. Concerning the suﬃcient
temporal resolution, the long perceptual durations of the slant rivalry
stimulus were helpful but they are not always necessary: Dale has
reported that if the time between events is suﬃciently randomised (or
jittered), events can placed closer in time then the time required for the
BOLD signal to return to its baseline (Dale, 1999). However, the time
between events does have a lower limit, since the BOLD signal exhibits
non-linearities if events are spaced closer then 3s.pressing keys). During the catch period disparity and
perspective became congruent so that subjects were
not aware of (the onset of) the catch period. Another
interesting example of a study using a stimulus without
changing monocularly visible aspects reports a priming
eﬀect for bi-stable stimuli produced by pictures that
were pattern masked to prevent conscious representa-
tion (Owen, 1985). To our knowledge the extant para-
digms do not have the ability to use the monocularly
invisible changes for predictable parametric changes in
either perceptual reversal, or perceived shape, or both.
Metrical aspects may be critically important for neuro-
physiological experiments: Finding neural activity asso-
ciated with perceptual reversals, that is causally related
to a metrical modiﬁcation of the disparity-perspective
conﬂict (the variable) of the stimulus––without modify-
ing consciously visible aspects of the stimulus––would
be compelling evidence for purely perceptual mediation
of the neural activity.
Voluntary control in perceptual bi-stability is clearly
limited. Although we can modify the perceptual reversal
process, we are often not able to choose the moment of
reversal. One could ask whether the term ‘‘control’’ for
6 After completion of this paper we learned about a recent useful
paper (Meng & Tong, in press). They reported an increase of the
dominance duration from the natural to the hold condition of 5% for
the grating, 12% for house-face rivalry, and 38% for the Necker cube:
in terms of increase proportions 1.0 (grating):2.4 (house-face):7.6
(Necker cube). We found 1.0 (grating):2.2 (house-face):7.9 (Necker
cube). We excluded LW from this analysis because his duration for
the hold condition of the house percept was three times as long as the
mean for the other ﬁve subjects (Table 2). Thus, the results from the
two laboratories are similar. However, there is also a discrepancy: Our
observers have more control (35%) over the house-face percept
dominance durations than theirs (12%). There are two clear method-
ological diﬀerences. They used relatively large stimulus sizes for the
house face patches (4.2), and they asked subjects to report blending
(which happened 45% of the time). To prevent blending we used the
same small size (1.2) for all stimuli. Because they used diﬀerent sizes
for their stimuli it is hard to directly compare the results. To replicate
their ﬁndings we have presented our subjects with 4.2 house-face
patches, and we also asked our subjects to report the blend percepts. In
agreement, we found blending for about 50% of the time, and only
about 18% voluntary control. It is an open question whether it is the
large stimulus size or the blending that causes less voluntary control.
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ing our heart beat rhythm we generally agree that,
although we are able to modify it for a limited period
of time, we are certainly not able to control it. The term
control is generally used for motor actions to describe,
for example, hand movements. However, although hand
movements are often regarded as being completely vol-
untary, in fact their control, too, is limited: (1) Many de-
sired movement patterns are impossible when one
attempts to move two hands (or eyes) independently of
each other; (2) Further, it is for example impossible to
draw regular Lissajous ﬁgures with voluntarily control-
led speed. These limitations in motor control are not
mechanically induced but reﬂect neural processing (re-
view in Rosenbaum, 1991), just as is the case for percep-
tual control. An interesting proposal is that moving
attention from one perceptual interpretation to another
might share similar underlying control mechanisms as
moving, for example a hand (Leopold & Logothetis,
1999; McDougall, 1906, p. 357).
It is reasonable to state that the disadvantage of the
slant rivalry paradigm, certainly relative to binocular
rivalry, is that it is not straightforward to teach non-hu-
man primates about perspective interpretations because
those are inherently cognitive. Nevertheless, successful
single cell results have been reported by studies on the
perception of perspective-deﬁned slant (Tsutsui, Jiang,
Yara, Sakata, & Taira, 2001; Tsutsui, Sakata, Naga-
numa, & Taira, 2002).
A number of studies in the literature have explicitly
focussed on a comparison of the role of voluntary con-
trol for the Necker cube and for binocular rivalry
(George, 1936; Meredith, 1967; Vernon, 1937; Wash-
burn & Gillette, 1933; see also for discussion McDou-
gall, 1906; Meredith & Meredith, 1962). The results
are mixed: some studies reported that control over the
Necker cube is large and over binocular rivalry it is very
small (George, 1936; Washburn & Gillette, 1933); other
studies refute this conclusion (Meredith & Meredith,
1962). According to our results it depends on the aspect
that one compares. We found both similarities and dif-
ferences for the temporal dynamics when we compare
the role of voluntary control across the four above-
examined paradigms. All stimuli exhibited an increase
in the reversal frequency across successive experimental
repetitions for the speed-up control exertion task. Our
analyses, in which we considered both the perceptual re-
versal frequency and the dominance periods, provide
evidence that for all paradigms the subjects hold either
of the two possible percepts by delaying reversals to
the alternative percept. Note that, in one of the ﬁrst sys-
tematic studies on voluntary control, Breese stated:
‘‘Each subject was able to increase the length of time a
ﬁeld was seen by ﬁxing the attention upon it. But the num-
ber of ﬂuctuations in the rivalry could not be controlled’’
(Breese, 1899, p. 25)––our results, thus, do not supportBreeses pioneering work. Further, all of the paradigms
showed a drift in the number of reversals across succes-
sive 35-s data portions, particularly for the speed-up
control task. The similar temporal aspects of the diﬀer-
ent rivalry paradigms have inspired researchers to pro-
pose that binocular rivalry and ﬁgural rivalry share
common mechanisms (Leopold & Logothetis, 1999;
Logothetis et al., 1996; McDougall, 1906; Pettigrew,
2001; Walker, 1975). However, the details of such a
mechanisms have not yet been resolved (Blake & Logo-
thetis, 2002; Tong, 2001). Wilson reported evidence that
binocular rivalry involves multiple distinct stages (Wil-
son, 2003). Indeed, instead of looking at the similarities
across the diﬀerent ambiguous stimuli one could also
look at the diﬀerences. It is for example clear that slant
rivalry is under better voluntary control than grating
rivalry (our Fig. 5; see also George, 1936; Washburn
& Gillette, 1933). It has also been reported that volun-
tary control over the Necker cube is more aﬀected by
drugs (caﬀeine and sodium amytal) than is binocular riv-
alry (George, 1936). George stated that ‘‘Necker cube
alternation involves higher cognitive abilities’’ than does
binocular rivalry, which is ‘‘a lower level function’’. 6 In
support, voluntary control over meaningful ﬁgures
seems to be even more eﬀective than for the Necker cube
(Stru¨ber & Stadler, 1999). Although on an operational
level the temporal dynamics of the diﬀerent ambiguous
stimuli are clearly diﬀerent, it cannot be ruled out that
there is a, more evolutionary primitive, underlying bi-
stable oscillator process (Pettigrew, 2001) that mediates
the reversal process.
What do subjects mentally do when they attempt to
voluntarily substitute one percept for another? We have
studied the role of both binocular eye movements and
blinks while subjects experience bi-stability for our slant
rivalry stimulus. Our analyses included micro saccades
52 R. van Ee et al. / Vision Research 45 (2005) 41–55as small as 5 0. The cardinal conclusion for the current
paper is that (micro)saccades, blinks and vergence in
depth are not essential to voluntarily reverse from one
percept to the other. Other studies in which diﬀerent
ambiguous stimuli were presented as afterimages, or sta-
bilized on the retina (Blake, Fox, & McIntyre, 1971), or
studies that presented multiple ambiguous stimuli in the
visual ﬁeld, have reported a similar conclusion (review in
Leopold & Logothetis, 1999). Intriguingly, we found
that both blinks and saccades––but not micro-sac-
cades––are inhibited while subjects make perceptual
reversals. An analysis of the eye movement data will
be presented elsewhere (van Dam & van Ee, submitted
for publication; for an abstract version: van Dam &
van Ee, 2003). Another diﬃcult question is what do sub-
jects have to do to delay spontaneous perceptual revers-
als? One extreme form of the hold condition, up to an
almost ‘‘stand still’’ of the percept, has recently been
developed into a scientiﬁc research tool by Leopold,
Logothetis and colleagues (Leopold, Wilke, Maier, &
Logothetis, 2002; Maier, Wilke, Logothetis, & Leopold,
2003). They alternated stimulus presentations with
blanks to produce the decrease in reversal frequency.
The authors proposed a memory explanation that as-
sumes that the percept that just became stored in mem-
ory is more easily accessible than an alternative percept.
Such an explanation places other accounts in an over-
arching framework: these accounts include slow down
of the reversal frequency under (1) interrupted presenta-
tion (Orbach, Ehrlich, & Heath, 1963; Orbach, Ehrlich,
& Vainstein, 1963; see also Long & Olszewski, 1999;
McDougall, 1906, p. 347; who cites old German litera-
ture), (2) displacement (Blake, Sobel, & Gilroy, 2003),
or (3) rapid rotation (Brigner & Deni, 1992), as well as
suggestions on the involvement of memory (McDougall,
1903, 1906, p. 336). Moreover, the authors reported that
the stabilizing eﬀect hinges on perceptual disappearance
rather than on actual removal of the stimulus.
We ﬁnally speculate on a beneﬁcial role of voluntary
control for studying visual awareness. The line of reason-
ing is the following: Our paper demonstrates that there
appear to be clear diﬀerences between spontaneous,
and voluntarily controlled perceptual reversal process-
ing. In other words, neural activation associated with
states of awareness can be examined with or without
being accompanied by voluntary control. Note again
that using slant rivalry we can modify the level of conﬂict
between the two percepts by changing the disparity- and/
or perspective-deﬁned slants without the subject being
aware of this modiﬁcation. Alternatively, one could con-
sider the perceptual reversals that are being instigated by,
for example, the Necker cube rivalry and slant rivalry. It
would be intriguing to ﬁnd states of awareness, that show
common elements of activity irrespective as to whether
the Necker cube or the slant stimulus is being viewed.
So far, few neurophysiological contributions (Kleinsch-midt, Buchel, Zeki, & Frackowiak, 1998) have searched
for the common neural activity for perceptual reversal
instigated by diﬀerent stimuli.
If we would understand the phenomenon of voluntary
control in perceptual bi-stability, we would have a cardi-
nal tool for analysing visual perception. If we could dis-
cover the neurophysiological diﬀerence between
voluntarily controlled and spontaneous perceptual
reversals, we would have a potentially interesting dis-
tinction in terms of neural correlates. The combination
of long percept durations and the metrical beneﬁts of
slant rivalry, as well as the clear role of voluntary con-
trol in it, seem to make slant rivalry a rigorous tool
for the scientiﬁc study of visual awareness as a biological
phenomenon.5. Conclusion
The main outcome of our quantitative analyses on
voluntary control in perceptual bi-stability is that, in
comparison to existing rivalry paradigms, slant rivalry
exhibits: (1) relatively long percept durations; (2) a clear
role of voluntary control in modifying both the percept
durations and the perceptual reversal frequency. These
aspects, combined with its metrical aspects, make slant
rivalry a useful quantitative tool for studying visual per-
ception. Across all conducted investigations a qualita-
tively similar pattern of temporal dynamics emerged
for the four paradigms. The operational quantitative
characteristics of binocular rivalry and perceptual riv-
alry seem to be diﬀerent: rivalry between ﬁgures is better
controllable than binocular rivalry.Acknowledgments
We are grateful to the participants for producing the
59.589 perceptual reversals. We thank Dr. F. Tong for
providing the house-face stimuli and for interesting dis-
cussion, ﬁrst on the similarities and the diﬀerences be-
tween our submitted results and the reported results of
the paper of Meng and Tong, and second on how these
voluntary control results can be used in fMRI experi-
ments. We thank Dr. Meng for sending their paper.
We are grateful to a referee who suggested thoughtful
ideas and helpful references. All authors were supported
by a grant of the Netherlands Organization for Scientiﬁc
Research to RVE.References
Aafjes, M., Hueting, J. E., & Visser, P. (1966). Individual and
interindividual diﬀerences in binocular retinal rivalry in man.
Psychophysiology, 3, 18–22.
R. van Ee et al. / Vision Research 45 (2005) 41–55 53Adams, P. A., & Haire, M. (1958). Structural and conceptual factors in
the perception of the double-cube ﬁgures. American Journal of
Psychology, 71, 548–556.
Alexander, L. T. (1951). The inﬂuence of ﬁgure-ground relationships
in binocular rivalry. Journal of Experimental Psychology, 41,
376–381.
Ammons, R. B., Ulrich, P., & Ammons, C. H. (1960). Voluntary
control of perception of depth in a two-dimensional
drawing. Proceedings of the Montana Acadamy of Sciences, 19,
160–168.
Babich, S., & Standing, L. (1981). Satiation eﬀects with reversible
ﬁgures. Perceptual and Motor Skills, 52, 203–210.
Bagby, J. W. (1957). A cross-cultural study of perceptual dominance in
binocular rivalry. Journal of Abnormal and Social Psychology, 54,
331–334.
Barany, E. H., & Hallden, U. (1947). The inﬂuence of some central
nervous depressants on the reciprocal inhibition between the two
retinae as manifested in retinal rivalry. Acta Physiologica Scandi-
navica, 14, 296–316.
Bisiach, E., Ricci, R., Lai, E., De Tanti, A., & Inzaghi, M. (1999).
Unilateral neglect and disambiguation of the Necker cube. Brain,
122, 131–140.
Blake, R., Fox, R., & McIntyre, C. (1971). Stochastic properties of
stabilized-image binocular rivalry alternations. Journal of Experi-
mental Psychology, 88, 327–332.
Blake, R., & Logothetis, N. K. (2002). Visual competition. Nature
Reviews Neuroscience, 3, 1–11.
Blake, R., Sobel, K. V., & Gilroy, L. A. (2003). Visual motion retards
alternations between conﬂicting perceptual interpretations. Neuron,
39, 869–878.
Breese, B. B. (1899). On inhibition. Psychological Monographs, 3, 1–65.
Brigner, W. L., & Deni, J. R. (1992). Attenuating Necker cube depth
reversals. Perceptual and Motor Skills, 74, 845–846.
Brouwer, G. J., & van Ee, R. (2003). The neural correlates of bistable
stereoscopic depth perception––an fMRI study. Society for Neu-
roScience, 179.13.
Bruner, J. S., Postman, L., & Mosteller, F. (1950). A note on the
measurement of reversals of perspective. Psychometrika, 15, 63–72.
Cogan, R., & Goldstein, A. G. (1967). The stability of binocular
rivalry during spaced and massed viewing. Perception and Psych-
ophysics, 2, 171–174.
Cohen, L. (1959a). Rate of apparent change of a Necker cube as a
function of prior stimulation. American Journal of Psychology, 72,
327–344.
Cohen, L. (1959b). Perception of reversible ﬁgures after brain injury.
Archives of Neurology and Psychiatry, 81, 765–775.
Collyer, S. C., & Bevan, W. (1970). Objective measurement of
dominance control in binocular rivalry. Perception and Psycho-
physics, 8, 437–439.
Cormack, R. H., & Arger, R. (1968). Necker cube perspective
dominance as a function of retinal disparity. Perceptual and Motor
Skills, 26, 367–370.
Dale, A. M. (1999). Optimal experimental design for event-related
fMRI. Human Brain Mapping, 8, 109–114.
Donahue, W. T., & Griﬃtts, C. H. (1931). The inﬂuence of complexity
on the ﬂuctuations of the illusions of reversible perspective.
American Journal of Psychology, 43, 613–617.
Flu¨gel, J. C. (1913). The inﬂuence of attention in illusions of reversible
perspective. British Journal of Psychology, 5, 357–397.
Frederiksen, N. O., & Guilford, J. P. (1934). Personality traits and
ﬂuctuations of the outline cube. American Journal of Psychology,
46, 470–474.
George, W. (1936). The signiﬁcance of the ﬂuctuations experienced in
observing ambiguous ﬁgures and in binocular rivalry. Journal of
General Psychology, 15, 39–61.
Glen, R. S. (1940). Ocular movements in reversibility of perspective.
Journal of General Psychology, 23, 243–281.Go´mez, C., Argan˜dona, E. D., Solier, R. G., Angulo, J. C., &
Va´zquez, M. (1995). Timing and competition in networks repre-
senting ambiguous ﬁgures. Brain and Cognition, 29, 103–114.
Harris, J. P. (1980). How does adaptation to disparity aﬀect the
perception of reversible ﬁgures? American Journal of Psychology,
93, 445–457.
Helmholtz von, H. (1866). Handbuch der Physiologischen Optik (Vol.
III). Hamburg: Voss, Section 32.
Hochberg, J., & Peterson, M. A. (1987). Piecemeal organization and
cognitive components in object perception: Perceptually coupled
responses to moving objects. Journal of Experimental Psychology:
General, 116, 370–380.
Hol, K., Koene, A., & van Ee, R. (2003). Attention-biased multi-stable
surface perception in three-dimensional structure-from-motion.
Journal of Vision, 3, 486–498.
Horlitz, K. L., & OLeary, A. (1993). Satiation or availability? Eﬀects
of attention, memory, and imagery on the perception of ambiguous
ﬁgures. Perception and Psychophysics, 53, 668–681.
Hunt, J. M., & Guilford, J. P. (1933). Fluctuation of an ambiguous
ﬁgure in dementia praecox and in manic-depressive patients.
Journal of Abnormal and Social Psychology, 27, 443–452.
Kawabata, N. (1986). Attention and depth perception. Perception, 15,
563–572.
Kleinschmidt, A., Buchel, C., Zeki, S., & Frackowiak, R. S. J. (1998).
Human brain activity during spontaneously reversing perception of
ambiguous ﬁgures. Proceedings of the Royal Society B, 265,
2427–2433.
Koene, A., & van Ee, R. (in press). Modeling bi-stability in perceived
slant. Journal of Physiology-Paris.
Lack, L. C. (1969). The eﬀect of practice on binocular rivalry control.
Perception and Psychophysics, 6, 397–400.
Lack, L. C. (1978). Selective attention and the control of binocular
rivalry. The Hague, The Netherlands: Mouton.
Lehky, S. R. (1995). Binocular rivalry is not chaotic. Proceedings of the
Royal Society of London B, 259, 71–76.
Leopold, D. A., & Logothetis, N. K. (1999). Multistable phenomena:
Changing views in perception. Trends in Cognitive Sciences, 3,
254–264.
Leopold, D. A., Wilke, M., Maier, A., & Logothetis, N. K. (2002).
Stable perception of visually ambiguous patterns. Nature Neuro-
science, 5, 605–609.
Liebert, R. M., & Burk, B. (1985). Voluntary control of reversible
ﬁgures. Perceptual and Motor Skills, 61, 1307–1310.
Logothetis, N. K., Leopold, D. A., & Sheinberg, D. L. (1996). What is
rivalling during binocular rivalry? Nature, 380, 621–624.
Long, G. M., & Olszewski, A. D. (1999). To reverse or not to reverse:
When is an ambiguous ﬁgure ambiguous? American Journal of
Psychology, 112, 41–71.
Long, G. M., & Toppino, T. C. (1994). A new twist on the rotating-
trapezoid illusion: Evidence for neural-adaptation eﬀects. Percep-
tion, 23, 619–634.
Maier, A., Wilke, M., Logothetis, N. K., & Leopold, D. A. (2003).
Perception of temporally interleaved ambiguous patterns. Current
Biology, 13, 1076–1085.
McDougall, W. (1903). Physiological factors of the attention process
(III). Mind, 12, 473–488.
McDougall, W. (1906). Physiological factors of the attention process
(IV). Mind, 15, 329–359.
Meng, M., & Tong, F. (in press). Can attention selectively bias bistable
perception? Diﬀerences between binocular rivalry and ambiguous
ﬁgures. Journal of Vision.
Meredith, G. M. (1967). Some attributive dimensions of reversibility
phenomena and their relationship to rigidity and anxiety. Percep-
tual and Motor Skills, 24, 843–849.
Meredith, G. M., & Meredith, C. G. W. (1962). Eﬀect of instructional
conditions on rate of binocular rivalry. Perceptual and Motor
Skills, 15, 655–664.
54 R. van Ee et al. / Vision Research 45 (2005) 41–55Nawrot, M., & Blake, R. (1991). The interplay between stereopsis and
structure from motion. Perception and Psychophysics, 49, 230–244.
Necker, L. A. (1832). Observations on some remarkable optical
phaenomena seen in Switzerland; and on an optical phenomenon
which occurs on viewing a ﬁgure of a crystal or geometical solid.
London and Edinburgh Philosophical Magazine and Journal of
Science, 1, 329–337.
Ooi, T. L., & He, Z. J. (1999). Binocular rivalry and visual awareness:
The role of attention. Perception, 28, 551–574.
Ooi, T. L., & He, Z. J. (2003). A distributed intercortical processing of
binocular rivalry: Psychophysical evidence. Perception, 32,
155–166.
Orbach, J., Ehrlich, D., & Heath, H. A. (1963). Reversibility of the
Necker cube. I: An examination of the concept of ‘‘satiation of
orientation’’. Perceptual and Motor Skills, 17, 439–458.
Orbach, J., Ehrlich, D., & Vainstein, E. (1963). Reversibility of the
Necker cube. III: Eﬀect of interpolation on reversal rate of the cube
presented repetitively. Perceptual and Motor Skills, 17, 571–582.
Owen, L. A. (1985). Dichoptic priming eﬀects on ambiguous picture
processing. British Journal of Psychology, 76, 437–447.
Parker, A. J., Krug, K., & Cumming, B. G. (2003). Neural activity and
its links with the perception of multi-stable ﬁgures. In A. J. Parker,
A. Derrington, & C. Blakemore (Eds.), The physiology of cognitive
processes (pp. 139–157). Oxford: Oxford University Press.
Pelton, L. H., & Solley, C. M. (1968). Acceleration of reversals of a
Necker cube. American Journal of Psychology, 81, 585–589.
Peterson, M. A. (1986). Illusory concomitant motion in ambiguous
stereograms: Evidence for nonstimulus contributions to perceptual
organization. Journal of Experimental Psychology: Human Percep-
tion and Performance, 12, 50–60.
Peterson, M. A., & Hochberg, J. (1983). Opposed-set measurement
procedure: A quantitative analysis of the role of local cues and
intention in form perception. Journal of Experimental Psychology:
Human Perception and Performance, 9, 183–193.
Pettigrew, J. (2001). Searching for the switch: Neural bases for
perceptual rivalry alternations. Brain and Mind, 2, 85–118.
Phillipson, O. T., & Harris, J. P. (1984). Eﬀects of chlorpromazine and
promazine on the perception of some multi-stable visual ﬁgures.
Quarterly Journal of Experimental Psychology A, 36, 291–308.
Pylyshyn, Z. W. (1999). Is vision continuous with cognition? The case
for cognitive impenetrability of visual perception. Behavioral and
Brain Sciences, 22, 341–423.
Reisberg, D., & OShaughnessy, M. (1984). Diverting subjects
concentration slows ﬁgural research. Perception, 13, 461–468.
Ricci, C., & Blundo, C. (1990). Perception of ambiguous ﬁgures after
focal brain lesions. Neuropsychologia, 28, 1163–1173.
Rock, I., & Mitchener, K. (1992). Further evidence of failure of
reversal of ambiguous ﬁgures by uninformed subjects. Perception,
21, 39–45.
Rosenbaum, D. A. (1991). Human motor control. London: Academic
Press Limited.
Ross, J., & Ma-Wyatt, A. (2003). Saccades actively maintain percep-
tual continuity. Nature Neuroscience, 7, 65–69.
Sadler, T. G., & Meﬀerd, R. B. (1970). Fluctuations of perceptual
organization and orientation. Perceptual and Motor Skills, 31,
739–749.
Stru¨ber, D., & Stadler, M. (1999). Diﬀerences in top–down inﬂuences
on the reversal rate of diﬀerent categories of reversible ﬁgures.
Perception and Psychophysics, 28, 1185–1196.
Suzuki, S., & Grabowecky, M. (2002). Evidence for perceptual
trapping and adaptation in multistable binocular rivalry. Neuron,
36, 143–157.
Suzuki, S., & Peterson, M. A. (2000). Multiplicative eﬀects of intention
on the perception of bistable apparent motion. Psychological
Science, 11, 202–208.Taddei-Ferretti, C., Musio, C., Santillo, S., & Cotugno, A. (1999).
Conscious and intentional access to unconscious decision-making
module in ambiguous visual perception. In J. Mira, & J. V.
Sa´nchez-Andre´s (Eds.), Lecture notes in computer science (pp. 766–
775).
Tong, F. (2001). Competing theories of binocular rivalry: A possible
resolution. Brain Mind, 2, 55–83.
Tong, F., Nakayama, K., Vaughan, J. T., & Kanwisher, N. (1998).
Binocular rivalry and visual awareness in human extrastriate
cortex. Neuron, 21, 753–759.
Toppino, T. C. (2003). Reversible-ﬁgure perception: Mechanisms of
intentional control. Perception and Psychophysics, 65, 1285–1295.
Toppino, T. C., & Long, G. M. (1987). Selective adaptation with
reversible ﬁgures. Perception and Psychophysics, 42, 37–48.
Tsal, Y., & Kolbet, L. (1985). Disambiguating ambiguous ﬁgures by
selective attention. Quarterly Journal of Experimental Psychology,
Human Experimental Psychology, 37, 25–37.
Tsutsui, K., Jiang, M., Yara, K., Sakata, H., & Taira, M. (2001).
Integration of perspective and disparity cues in surface-orientation-
selective neurons of area CIP. Journal of Neurophysiology, 86,
2856–2867.
Tsutsui, K., Sakata, H., Naganuma, T., & Taira, M. (2002). Neural
correlates for perception of 3D surface orientation from texture
gradient. Science, 298, 409–412.
Ulrich, P., & Ammons, R. B. (1960). Voluntary control over perceived
dimensionality (perspective) of three-dimensional objects. Proceed-
ings of the Montana Academy of Sciences, 19, 169–173.
van Dam, L. C. J., & van Ee, R. (2003). Bistability in stereoscopically
perceived slant about a horizontal axis. Journal of Vision, 3, 467.
van Dam, L. C. J., & van Ee, R. (submitted for publication). The role
of (micro)saccades and blinks in perceptual bi-stability from slant
rivalry.
van Ee, R. (2002). Voluntarily controlled percepts, will-power, and
conscious vision. Journal of Vision, 2(10), 73.
van Ee, R. (2005). Dynamics of perceptual bi-stability for stereoscopic
slant rivalry and a comparison with grating, house-face, and
Necker cube rivalry. Vision Research, doi:10.1016/j.visres.2004.07.
039.
van Ee, R., Adams, W. J., & Mamassian, P. (2003). Bayesian
modelling of perceived slant in bi-stable stereoscopic perception.
Journal of the Optical Society of America, 20, 1398–1406.
van Ee, R., & Erkelens, C. J. (1996). Temporal aspects of binocular
slant perception. Vision Research, 36, 43–51.
van Ee, R., van Dam, L. C. J., Brouwer, G. J., & Korsten, N. J. H.
(2003). Bistable stereoscopic 3D percepts: Will-power, ﬂip fre-
quency, eye movements and blinks. Journal of Vision, 3(9), 160.
van Ee, R., van Dam, L. C. J., & Erkelens, C. J. (2002). Bi-stability in
perceived slant when binocular disparity and monocular perspec-
tive specify diﬀerent slants. Journal of Vision, 2, 597–607.
Vernon, M. D. (1937). Visual perception. Cambridge: University Press.
Virsu, V. (1975). Determination of perspective reversals. Nature, 257,
786–787.
Wade, N. (1975). Binocular rivalry between single lines viewed as real
images and afterimages. Perception and Psychophysics, 17,
571–577.
Walker, P. (1975). Stochastic properties of binocular rivalry alterna-
tions. Perception and Psychophysics, 18, 467–473.
Washburn, M., & Gillette, A. (1933). Studies from the Psychological
Laboratory of Vassar College: LXII. Motor factors in voluntary
control of cube perspective ﬂuctuations and retinal rivalry ﬂuctu-
ations. American Journal of Psychology, 45, 315–319.
Washburn, M., Reagan, C., & Thurston, E. (1934). The comparative
controllability of the ﬂuctuations of simple and complex ambigu-
ous perspective ﬁgures. American Journal of Psychology, 46,
636–638.
R. van Ee et al. / Vision Research 45 (2005) 41–55 55Wheatstone, C. (1838). Contributions to the physiology of vision––
Part the ﬁrst; on some remarkable and hitherto unobserved
phenomena of binocular vision. Philosophical Transactions of the
Royal Society of London, 128, 371–394.
Wilson, H. R. (2003). Computational evidence for a rivalry hierarchy
in vision. Proceedings of the National Academy of Science, 100,
14499–14503.Wundt, W. (1898). Die geometrisch-optischen Tauschungen.
Abhandlungen der mathematisch-physischen Classe der Koniglich
Sachsischen Gesellschaft der Wissenschaften, 24, 58–80.
Yu, K., & Blake, R. R. (1992). Do recognizable ﬁgures enjoy an
advantage in binocular rivalry. Journal of Experimental Psychol-
ogy: Human Perception and Performance, 18, 1158–1173.
